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ABSTRACT
Non-thermal, bursting emission near the electron plasma frequency (We ) has
been observed during plasma start-up and following lower-hybrid current drive on
Alcator C. Three techniques were used to determine the spectral characteristics of
this emission. An array of four radiometers was used to measure the total power
within 2 GHz bands centered at 30, 43, 61, and 87 GHz. A surface acoustic wave
(SAW) dispersive delay line was used to resolve a portion of the 61 GHz radiometer's
IF band (20 MHz resolution). High-resolution spectra within each radiometer's
IF band were taken using frequency down-conversion followed by direct sampling
(200 KHz resolution).
Two spectral burst types have been identified. Some start-up bursts have a
single coherent frequency component that tracks with the central plasma freqieticy
(wpe,) as the density increases. Features as narrow as 350 KHz (Af/f h -
10-6) have been observed. Other start-up bursts and all after-RF bursts lhat-
broad spectra extending down froi .n . Many of these spectra consist of iiiirrw,
unevenly spaced lines.
The presence of highly coherent features suggests that , bursts may rf-iii,
from maser activity within the plasma. This report reviews a model for the etiIII4.
mechanism in which the plasma itself acts as a cavity to trap and aiiiplif p.i
waves.
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1. INTRODUCTION
Electromagnetic radiation near the electron plasma frequency (Wpe ) has been
observed in many tokamak plasmas. Two types of wp, emission have been identified.
One type is a slowly varying or quiescent emission. The other type consists of
intense bursts of radiation occurring in rapid succession. Both forms are observed
during relatively low-density discharges (n, < 5 x 1013 cm 3 ). Explanations of
the emission mechanism include the presence of a suprathermal tail on the electron
energy distribution. The presence of a tail is confirmed by an abundance of hard x
rays, produced by high-energy, unconfined electrons striking the limiter.
Quiescent up, emission is thought to be Cherenkov radiation by non-thermal
electrons exceeding the phase velocity of light in the plasma [1]. The mechanism
of bursting wp, emission appears to be more complicated. For instance, bursting
emission is not present with every non-thermal electron distribution. It is not seen
during lower-hybrid current drive, when a sup'rathermal tail is thought to carry the
bulk of the plasma current. Hence, the characterization and explanation of bursting
WP, emission has become an important topic in plasma physics.
This report describes an investigation of bursting wp, emission from the Alcator
C tokamak. In particular, it describes three techniques used to determine the
spectral characteristics of plasma frequency bursts. The first technique uses an
array of 4 radiometers measuring the total power within 2 GHz bands near 30, 43,
61, and 87 GHz. The second technique uses a surface acoustic wave (SAW) device to
resolve a portion of one radiometer's coverage. The third technique provides very
high spectral resolution (200 KHz) by using a two-mixer configuration to down-
convert the microwave signal for sampling by a high-speed digitizer. The spectrum
is obtained from the sampled data by an FFT algorithm.
The high-resolution spectral measurements reveal a surprising degree of tem-
poral coherence (Aw/w < 6 x 10-6) in many of the burst's spectral features. Such
9
coherence has motivated an explanation for the bursting process in terms of maser
action within the plasma. This report reviews a model for the emission mechanism
in which the plasma itself acts as a cavity to trap and amplify plasma waves.
10
2. PREVIOUS OBSERVATIONS OF BURSTING w,, EMISSION
Intense bursts of radiation near "P, have been observed in several plasma ex-
periments. In 1975, Alikaev, et. al. [21 reported "bursts of RF radiation over a broad
frequency range" from the TM-3 tokamak. In 1976, Longinov, et. al. [3] described
bursting emission near .,e from the Uragan stellarator. In 1978, Van Andel and
Rutgers [4: recorded .,, bursts emanating from the toroidal machine with turbulent
heating (TORTUR).
In 1981, Gandy 5] reported the results of a detailed study of microwave emis-
sion from the Pretext tokamak. He used a microwave radiometer to measure the
total power within a 500 MHz passband that could be scanned between 26 and 40
GHz. Gandy observed bursting emission with a 1 to 3 GHz wide spectrum cen-
tered near .p;, .This emission occurred at electron densities between 5 x 1012 and
1.5 X 1013 cm 3 . The bursts correlated with fluctuations of several other diagnostics
including hard and soft x rays, electron density, and loop voltage. On Pretext, wp,
bursts lasted 40 to 100 psec and had a repetition rate of 2.5 to 5 KHz.
At the same time, Hutchinson and Kissel were studying the characteristics of
bursting wp, emission from the Alcator tokamaks. In 1980 [6], they described high-
intensity fluctuations that were often periodic with rates of 5 to 20 KHz. This
emission occurred at central electron densities of 1 x 1013 to 5 x 1013 cm 3 . Bursts
usually were observed during plasma start-up shortly after ionization but some-
times lasted throughout a low-density shot. Hutchinson and Kissel used a rapid
scan Michelson interferometer to determine that wpe bursts from the Alcator ma-
chines had a bandwidth no greater than 5 GHz. By 1983 [7], they had achieved an
instrumental resolution of 300 MHz using a scanning Fabry-Perot interferometer.
That experiment showed that the emission frequency lay within 5 percent of the
central electron plasma frequency (woPe) as determined from density measurements
taken with a far-infrared laser interferometer. However, the spectral features of
11
typical ;p, bursts from Alcator C were still unresolved.
The spectral results of Hutchinson and Kissel motivated further study of .Op
bursts from Alcator C. In particular, it was necessary to determine exactly the
temporal coherence present in a typical burst. Also, by 1983 lower-hybrid current
drive had become an important part of the Alcator project. Would ,P, bursts
be present during the current drive portion of a shot? If so, how would their
characteristics differ from bursts observed during the start-up portions of purely
ohmic discharges?
In 1983, Gandv and Yates [8 used a heterodyne radiometer, in combination
with a broadband photoconductive detector, to study ,, bursts from both ohmic
and current-drive plasmas on Alcator C. The radiometer was configured to measure
the total power within a 1 GHz band centered at 61 GHz. The photoconductive
detector responded to any emission between 10 and 1000 GHz. An optical path
guided the radiation from the tokamak port to a beam splitter, which divided the
signal evenly between the radiometer and the photoconductive detector without
regard to polarization.
Figure 2-1 is a block diagram of the 61 GHz radiometer. A pyramidal horn
collected the radiation into E-band (WR-12) waveguide. A hybrid ring was used to
combine the output of a Gunn diode local oscillator with the incoming signal. The
combined signal was applied to an externally biased. single-ended Schottky barrier
mixer. With double sideband conversion, the IF band (10-500 MHz) resulted in
almost uninterrupted RF coverage from 60.5 to 61.5 GHz. The IF envelope was
detected by a high-frequency peak detector operating in the square-law regime.
The amplified output voltage was proportional to input power with a sensitivity of
18 volts/pwatt.
Figure 2-2 shows bursting emission during plasma start-up on an ohmic shot,
when suprathermal electrons (runaways) may be driven by a combination of high
12
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electric field and low density. Bursts are present on the broadband detector almost
immediately after ionization. The emission frequency tracks with .,, as the density
increases. It sweeps through the I GHz passband of the 61 GHz radiometer when
the central electron density (neo) is 4.59 x 1013 cm-. The density trace shows
the average density measured by a far-infrared laser interferometer along a vertical
diameter of the circular plasma cross section. To interpret the trace, refer to the
horizontal baseline drawn on the figure. This line coincides with integer multiples
of one interferometer fringe. One fringe is equal to an average electron density (ii,)
of 5.6 x 1013 cm 3 . Near the beginning of a shot, the density trace rises from the
baseline, reaches a predetermined level, and resets to a level below the baseline.
When the trace has climbed again to cross the baseline, the density has reached
one fringe. When the trace has reset and climbed again to the line, the density has
reached two fringes. This same process is repeated in reverse as the density falls.
Figure 2-3 shows a typical lower hybrid (LH) current drive shot. The plasma
current is brought up to about 300 KA by the ohmic heating (OH) transformer.
The OH transformer primary is then open-circuited. and the current is allowed to
decay to around 150 KA. Then, the RF power is turned on. The change in slope of
the current decay indicates the start of LH current drive. On this particular shot,
no current "flat top" is achieved; the current decays slightly during the current drive
interval. The rectangular pulse on the broadband signal is non-thermal electron-
cyclotron (ECE) emission. It shows the extent of the current drive interval. When
the RF power is turned off, the plasma current again decays. An induced electric
field opposes this decay.
Note the important result that no bursting emission occurs during the current
drive interval, even though a suprathermal electron tail certainly exists. Vigorous
bursting does occur immediately after RF shut-down. This same result applies to
every current drive shot observed. It shows that not every suprathermal electron
15
NcJ1
/
IN
z =5-
4 0
M E-
= j
Ic w
0 E-
E-
zo
C-,
N E-
Figure 2-3. Bursting Emission After Lower-Hybid Current Drive f8y
16
/
-N
cu
-S
distribution produces bursting emission. The exact nature of the distribution is
important.
Figure 2-4 shows the temporal detail of two consecutive wp, bursts occurring
after LH current drive. The signal was recorded by a waveform digitizer with a
sampling interval of 1 psec. Rise and fall times and burst duration vary from one
burst to the next. The first burst has a shape typical of most of the bursts that
have been observed. It grows and decays with a total duration of 15 psec. The
second burst is one of the faster bursts that have been observed, having a rise time
of 1 to 2 usec and a total duration of about 6 usec. Burst duration may effect
spectral coherence because of the inverse relationship between time and frequency
in the Fourier transform.
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3. OBJECTIVES AND METHODS OF THIS INVESTIGATION
Heterodyne radiometry has proven to be a useful tool for the study of pe bursts
from Alcator C. This investigation builds on the previous experiment of Gandy and
Yates to obtain detailed spectral characteristics of the bursting emission. Three
additional radiometer channels are added to create a 4-radiometer array with center
frequencies of 30, 43. 61, and 87 GHz. This array is well-suited for tracking the
spectral content of bursts over a broad frequency range. For example, some start-
up bursts are thought to contain a single narrow feature (line) that follows the
central electron plasma frequency (wpeo) as the density rises. Such bursts would
appear consecutively on each of the four radiometer channels. On the other hand,
bursts appearing after LH current drive may contain broader spectra. In this case,
it would not be surprising to see a single burst on two or more radiometer channels
simultaneously.
Each of the radiometer channels acts as a monitor of the total power within a
2 GHz passband and cannot resolve the details of fine spectral features. For exam-
ple, the array may show that a burst has power only near 61 GHz; but it cannot
determine whether the spectrum consists of a single narrow feature or is continu-
ous within a small range. Hence, a high-resolution spectral analysis technique is
required. This investigation employs two such techniques to resolve a small portion
of one radiometer's coverage. Each technique operates on one radiometer's IF band,
which has a center frequency of 1 GHz.
The first technique uses a surface acoustic wave (SAW) device to make a real-
time spectral measurement that approximates a Fourier transform. This system has
a resolution of 13 MHz and is ideal for resolving complicated spectra. The second
technique down-converts a portion of the IF band for sampling by a waveform
digitizer. The spectrum is obtained from the sampled data with an FFT algorithm.
This system has a resolution of 200 KHz and may be used to determine the line
19
width of narrow spectral features. For example, the direct sampling system should
be able to resolve start-up bursts, known to have line widths less than 300 MHz.
20
4. TOTAL POWER MEASUREMENT WITH A 4-RADIOMETER
ARRAY
4.1 Description of the 4-Radiometer Array
The 4-radiometer array monitors the total power within each of the frequency
bands depicted in figure 4-1. Note that the center frequencies of 30, 43, 61, and
87 GHz are chosen such that the upper edges of the bands are spaced by factors of
/2. Because up, is given by
DCVn- (4-1)
this spacing corresponds to factors of 2 in electron density. It was chosen for two
reasons. First, it samples uniformly a density range in which p,, emission is known
to occur. Second, it provides two harmonically related frequency pairs (31 and 62,
44 and 88 GHz). The presence of harmonics in the emission would be a significant
clue to the mechanism of ,p, burst formation. For example, a non-linear coupling
process could result in emission harmonics.
Figure 4-2 is a diagram of the 4-radiometer array. A circular copper light
pipe with quasi-optical bends guides the emission from the tokamak port to a beam
splitter constructed of tungsten mesh. Each arm of the beam splitter directs a
portion of the emission into a Ka-band (WR-28) horn. The upper horn in figure
4-2 supplies the 30 and 43 GHz radiometer channels. A 45 GHz low-pass filter
helps to prevent reception of higher frequencies due to harmonic conversion within
the mixers. Emission power is divided evenly between the 30 and 43 GHz channels.
The 30 GHz high-pass filter (broken box) may be used in high-resolution mode to
eliminate lower-sideband conversion. It is omitted in total-power mode. The 30
GHz mixer and local oscillator are implemented in Ka-band waveguide. The 43
GHz channel uses Q-band (WR-19) waveguide. A Ka-Q transition supplies this
channel.
The lower Ka-band horn supplies the 61 and 87 GHz channels. No low-pass fil-
21
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Figure 4-1. Frequency Coverage of the 4-Radiometer Array
ter is included because ;,, emission at harmonics of 61 and 87 GHz is not expected.
Both channels are implemented in E-band (WR-12) waveguide and are supplied by
a Ka-E transition. A 61 GHz high-pass filter (broken box) provides lower-sideband
rejection in high-resolution mode. The 61 Ghz channel uses a single ended mixer
requiring an external coupler to apply the local oscillator power. The three re-
maining channels use balanced mixers with separate RF and LO ports. Each mixer
output receives 60 dB of IF amplification before detection by a high-frequency peak
detector operating in the square law region.
The output voltage of each detector represents the power within each of the
microwave bands. This voltage is amplified and is applied to one channel of a
four-channel waveform digitizer operating with a sampling period of 1 psec.
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Relative calibration of the four channels is very difficult because a suitable test
source does not exist. An ideal source would have a known broadband characteristic
with sufficient power within the range 29 to 88 GHz. A mercury arc, for example, is
known to radiate a black-body characteristic which contains power at the frequencies
of interest. However, available mercury arc lamps are not bright enough to be seen
with this system.
Instead, relative calibration is accomplished by designing the system to have
equal response at each of the four frequencies. The beam splitter is designed to
direct the same amount of power into each of the waveguide horns. Each arm of
the 'V" looks like a mirror to frequencies below several hundred GHz. Each 1:1
power divider operates in a waveguide band where only the dominant TE 10 mode
can exist at either of the two frequencies. The double-sideband conversion loss of
each mixer is within 1 dB of all the others. IF and post amplification levels are
identical for each of the four channels. Hence, variation among each of the four
channels is less than about 2 dB.
24
4.2 Four-Radiometer Array Results and Analysis
One goal of the 4-radiometer array experiment was to confirm the hypothesis
that some start-up bursts exist in a narrow band or line whose frequency tracks with
the central electron plasma frequency (peo) as the density rises. This hypothesis
was motivated by the earlier data of figure 2-2, obtained with a 61 GHz radiometer
and a broadband detector '81.
The 4-radiometer array was operating during the ohmic discharge whose para-
meters are shown in figure 4-3. The tokamak sequencer was set to allow plasma
current and density to rise at similar rates; after 100 msec, the current has reached
225 KA while the density has reached 1 x 104 cm~3 . Because density keeps pace
with current, the thermal component of the parallel electron distribution would be
dominant. The combination of high loop voltage and low density immediately after
commutation would be expected to produce a suprathermal tail, but its population
would be small compared. with the thermal plasma bulk.
Figure 4-4 shows the output of the 4-radiometer array during the first 100
msec of the discharge. Bursting emission appears sequentially on each of the four
radiometer channels. Bursts at 61 and 87 GHz are superimposed on a background
of quiescent emission believed to originate from spontaneous Cherenkov radiation
[11. Bursts are present on a given channel when the emission frequency lies within
the channel's 2 GHz passband. The sequential nature of these results proves that
the spectrum of bursting emission is a narrow band that tracks with increasing
density and sweeps through each of the array's four passbands.
Table 4-1 displays numerical data derived from expanded versions of figures
4-3 and 4-4. For each of the four radiometer channels, the table shows the time
at the center of the bursting interval, the line average density (fi,) at that time,
and the electron plasma frequency (.Z,,) corresponding to the specified value of
average density. In each case, the emission frequency is higher than the value of D
25
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calculated from the average density. This observation suggests that the bursting
emission emanates from the center of the plasma's circular cross section, where the
peak density is higher than the average value.
Emission Freq. Time Ave. Density (it) Plasma Freq. (Dp,)
(GHz) (msec) (cm- 3 ) (GHz)
30 37.5 9.0 x 1012 27.0
43 40.0 1.9 x 101 39.2
61 52.0 3.8 x 103 55.5
87 68.0 8.1 x 1013 81.0
Table 4-1. Four-Radiometer Data from Figures 4-3 and 4-4
Figure 4-5 is a plot of the emission frequency versus the value of Dp, calculated
from average density. The linearity of the plot is evidence that the frequency of
bursting emission in figure 4-4 is tied directly to the electron plasma frequency.
Asnuming that the emission emanates from the plasma center at the central plasma
frequency (wpeo), the slope of the line can be used to determine the peak to aver-
age density ratio (neo/5,). The slope gives the peak to average ratio in terms of
frequency (Wpeo/,Dpe), and the density ratio is given by
2
-, We (4-2)
'n, \ pe/
For the discharge of figure 4-3, this analysis yields
= 1.21 (4-3)
Not every ohmic discharge that has bursts during current rise exhibits the
well-defined sequential behavior of figure 4-4. Figure 4-6 shows the parameters of
a shot that has a steep rise of plasma current during a period of very low density
( < 2 x 1013 cm 3 ). Such parameters could produce an electron distribution
dominated by a suprathermal tail. The 4-radiometer array shows substantially
different results for this shot (figure 4-7). Every channel shows a high level of
28
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quiescent emission that lasts throughout the entire discharge. During current rise,
which occurs in the first 100 msec, bursting emission occurs in varying degrees on
three radiometer channels (30. 43, and 61 GHz). Some bursts are present on two or
more channels simultaneously. The 87 GHz channel shows no current-rise bursts.
The 4-radiometer array also was used to monitor emission during a number of
lower-hybrid current drive shots. Figure 4-8 gives the parameters for such a shot.
The plasma current is brought up to about 212 KA by conventional means. At
around 120 msec, the ohmic heating transformer primary is opened and the current
is allowed to decay to 120 KA. From 260 to 380 msec the lower hybrid system drives
the current with a slightly positive slope. During current drive, the density is held
at 4 x 1013 cm-3
Figure 4-9 shows the output of the 4-radiometer array during this shot. Quies-
cent emission is present on every channel during and after current drive. No bursting
emission occurs during current drive. Fifteen msec after lower hybrid shut-down,
bursts occur simultaneously at 30, 43, and 61 GHz. Emission power decreases with
increasing frequency. No bursts are visible at 87 GHz. The simultaneous bursts
occur when the line average density has fallen to 3.4 x 1013 cm-3. Assuming a
peak to average ratio of 1.4, the central density would be 4.76 x 1013 cM-3. The
corresponding central plasma frequency would be 62.1 GHz. No bursting emission
is seen on the 87 GHz channel because its passband is well above the central plasma
frequency.
Figure 4-9 is typical of all the data taken with the 4-radiometer array during
current drive shots. No bursting emission occurs at any frequency during current
drive, even though a suprathermal electron tail is present. After shut down of
the lower hybrid system, bursts occur with a broad spectrum that extends down
from the central plasma frequency. These after-RF bursts are similar to the start-
up bursts of figure 4-7, which were the result of a plasma current dominated by
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runaway electrons. Hence, it seems likely that, after lower hybrid shut-down, the
electron distribution rearranges itself to resemble the distribution responsible for
the broadband start-up bursts of figure 4-7.
The complete absence of bursts during current drive suggests that the current-
drive electron distribution lacks an element vital to burst formation. One such
element may be the so called "bump on the tail" described by Parail and Pogutse [91.
This high-energy bump forms when plasma waves grow through the anomalous
doppler effect and scatter electrons from parallel to perpendicular velocities. Liu,
et. a]. [10], have shown that such a bump can lead to the unstable growth of plasma
waves whose parallel phase velocity is resonant with the velocity of the bump (see
chapter 7). There may be no bump on the tail during current drive. But, when
the electric field returns after lower hybrid shut-down, it may form a bump on the
pre-existing tail.
This theory does not explain the presence of two distinct types of bursting
emission-the narrowband bursts of figure 4-4 and the broadband bursts of figures
4-7 and 4-9. Because broadband bursts have a spectrum that extends down from
the central plasma frequency, these bursts probably emanate from a region that
includes but is not confined to the plasma center. Narrowband bursts have such a
small spectral width that some mechanism must be invoked to lock their frequency
to the central plasma frequency. The differences between the two burst types sug-
gest that different types of electron distribution functions are responsible for their
formation. The exact differences are unknown. However, the above data do suggest
that modestly suprathermal distributions produce narrowband bursts and largely
suprathermal distributions produce broadband bursts.
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5. SPECTRAL ANALYSIS USING A SURFACE ACOUSTIC WAVE
(SAW) DEVICE
5.1 Description of the SAW Technique
The SAW spectral analysis system is shown in figure 5-1. The 61 GHz micro-
wave front end described in section 2 is used to convert the range 61.4-62.5 GHz to
an intermediate frequency (IF) passband (400-1500 MHz). The onset of a plasma
frequency burst is detected as a rise in the IF signal level at one output of the 3
dB power divider and is used to trigger the TTL sequencing circuit. Refer to figure
5-2 for a system timing diagram. After a preset delay (nominally 5 psec), the TTL
circuit sends a 100 nsec pulse to the enable input of the RF switch. During this
pulse, the RF switch allows the IF signal to reach the SAW delay line; in effect, a
100 nsec time slice of the .,, burst is presented to the input of the SAW.
The SAW disperses frequencies within its passband (800-1200 MHz) by apply-
ing a delay that is a linear function of frequency. Hence, the envelope of the SAW's
output as a function of time represents the frequency spectrum of the 100 nsec slice
of an )P, burst.
The amplified and detected SAW output is sampled by a waveform digitizer.
Useful output from the SAW occurs during a fixed time interval following application
of the 100 nsec input pulse (see figure 5-2). During this interval, the TTL circuit
clocks the digitizer at a rate of 20 MHz. The sampled and digitized data can be
used to display amplitude as a function of IF frequency from 800 to 1200 MHZ,
corresponding to a microwave frequency spectrum of 61.8 to 62.2 GHz.
The SAW system can be used to make spectral measurements of many bursts
during a single plasma shot. It is triggered at a selected time only once during each
burst. Hence, it yields information about spectral changes from one burst to the
next, but not within a single burst.
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5.2 Characteristics of the SAW Device
Figure 5-3 is a schematic diagram of the surface acoustic wave (SAW) dispersive
delay line used in this investigation. An input transducer converts the electrical
signal (f(t)) into a Rayleigh acoustic wave propagating on the surface of a lithium
niobate (LiNbO 3 ) substrate. Lines etched into the substrate reflect the acoustic
wave at right angles. Two such reflections are required to return the acoustic wave
to an output transducer, which converts it back to an electrical signal (O(t)). Strong
reflection occurs only at a point where the spacing between adjacent lines matches
the wavelength of the acoustic wave.
f( t)
0(t)ou
Figure 5-3. Surface Acoustic Wave (SAW) Dispersive Delay Line
The time delay between input and output signals is proportional to the distance
traveled at constant group velocity by the acoustic wave. The line spacing increases
linearly from left to right in figure 5-3; hence, the SAW operates as a dispersive
delay line whose delay is a linear function of the signal frequency. In this case,
higher frequencies emerge before lower ones.
The frequency response ( H(f)I) of an ideal SAW delay line is shown in figure
5-4a. The response is flat within a useable band of width Af. Below a lower cutoff
39
(fL) and above an upper cutoff (fH), the response rolls off rapidly. The actual
response is governed by the available range of line spacing as well as by transducer
response and acoustic losses on the substrate.
Figure 5-4b is a network analyzer trace showing the frequency response of the
SAW device used in this investigation. The measured response does not level off;
it attains a gentle peak at 1050 MHz. The maximum useable range is 800 to 1200
MHz. The dispersion bandwidth (Af) is 400 MHz. Within this range, the SAW
introduces power attenuation of 55 to 70 dB. Because the actual response is not
flat within the useable band, a frequency correction curve must be applied to the
output signal. Also, a low-noise, high-gain amplifier must be used to recover signal
power lost within the SAW device.
Figure 5-5 is a plot of time delay (r) versus frequency for the SAW device used
in -this investigation. Delay measurements were made at 20 MHz intervals from fA
to fH (800 to 1200 MHz). The measured values conform almost exactly to the ideal
linear r(f) characteristic. Because r(f) depends only on the SAW line spacing, it
may be controlled precisely by careful etching procedures. Note that the starting
delay (7,) corresponds to the highest useable frequency (fH) because the spacing
increases in figure 5-3. The delay increases with decreasing frequency to attain a
value of r, + Ar at the lowest useable frequency (fL). Ar is the dispersion time.
The frequency versus time slope (0) is given by
f = -(5-1)
Figure 5-5 shows that 3 is a negative constant for the device of interest.
The normalized impulse response h(t) of a SAW dispersive delay line is a chirp
containing frequencies that lie within the passband. The SAW produces this chirp
by expanding the frequency content of the impulse; simultaneously applied frequen-
cies emerge at different times. The SAW of figure 5-3 produces a down-chirp in
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response to an impulse because 3 is negative. This behavior is illustrated schemat-
ically in figure 5-6. At a'time r, after application of the impulse, the output begins
to oscillate with frequency f, = ffl. The oscillation Crequency gradually decreases.
reaching fH - Af at time r , + Ar. Thereafter, the rutput signal dies.
This behavior is given analytically by [12]
h(t) = p(t) cos[27rf,(t - r,) + ir3(t - r,)2 ] (5-2)
where p~t) 1, if -r, < t .: r, + A-r
where p(t) ={ . , 15-s3)
0, otherwise
p(t) is a gating function that accounts for the fact that there is no output before
r, or after 7r, + A-r. The argument of the cosine has two terms. The first termn
establishes the initial frequency f,. The second term produces the frequency shift
or chirp. At any instant of time, the phase is given by
3
27r[f,(t - r,) - -(t - )2]
Hence, the angular frequency is
=- = 27r[f, + 3(t -r,)]dt
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The instantaneous frequency (f) begins at f, and shifts linearly with slope 4.
The exact output 0(t) is given by the convolution of the input function f(t)
with the SAW's impulse response (h(t)).
0(t) = f(t) * O(t) (5-6)
Specifically,
0(t) = K f(a) h(t - a) da for t > 73 (5-7)
where K is a scaling factor that accounts for losses in the SAW and for the fact
that h(t) is normalized. Its exact value is unimportant because absolute signal
magnitudes are not considered in this investigation.
Convolution of an input signal with a chirp impulse response is commonly
referred to as a chirp transform. The envelope of the "chirped" output that contains
the frequency information is obtained with a standard peak detector circuit. The
envelope approximates a Fourier power spectrum for a short (<_ 100 nsec) input
pulse length. A longer pulse causes distortion of the spectrum because the input
time spread appears as a frequency spread on the output. On the other hand, an
input pulse length much shorter than 100 nsec is undesirable because the Fourier
limit of the time slice itself limits the frequency resolution (see section 6.2).
The optimum input pulse length was determined experimentally with the set-
up of figure 5-7. A CW narrow-band source tuned to 1 GHz was connected to
the SAW through the RF switch. A TTL monostable was used to produce an
enable pulse that could be varied in length from 10 to 500 nsec. The amplified and
detected SAW output was displayed on a fast oscilloscope. Output traces for three
input pulse lengths are displayed in figure 5-8. Note that the oscilloscope time
axis is related to frequency by the slope of the linear r(f) characteristic shown in
figure 5-5. The frequency resolution is determined by the amount of broadening of
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the narrow-band 1 GHz test signal introduced by the SAW. Each 100 nsec on the
oscilloscope time base corresponds to 5 MHz of output frequency broadening. The
displayed output widths were measured at the half-power level. Trace 5-8a shows
15 MHz resolution in response to a 20 nsec input pulse. Broadening is the result of
the Fourier limit. Trace 5-8b shows 9 MHz resolution with a 100 nsec input pulse.
This is the narrowest output trace obtained. Trace 5-8c shows 13 MHz resolution
with a 300 nsec input pulse. Broadening is caused by time distribution of the input.
The spectral resolution of a SAW delay line is governed by its ability to spread
out a given band of frequencies over time. Hence, the dispersion bandwidth (Af)
and dispersion time (Ar) can be used to estimate the spectral resolution of a SAW
device. Fetterman, et. al.[1 31, determined an approximate analytical expression for
the resolution (R).
R :: 1311/2 (5-8)
(Ar Af)P/2
The resolution is dependent solely on the frequency-time slope (p3) of the device.
Finer resolution (a smaller value of R) results from a shallower frequency-time slope
(a smaller value of 101).
Table 5-1 is a summary of device parameters for the SAW delay line used in
this investigation. Note that the theoretical resolution (7 MHz) agrees well with
the resolution measured by output broadening of the 1 GHz test source (9 MHz).
The entire SAW spectral analysis system of figure 5-1 was tested by supplying
its input with an RF pulse lasting 5 psec. The pulse was created by gating a narrow-
band 1 GHz source through an RF switch. Hence, the test pulse was designed to
resemble a narrow-band wpe burst. The result of this test is displayed in figure
5-9. Because the SAWs envelope detector operates in the square-law regime, the
digitized output represents power density as a function of frequency.
The full width at half maximum (FWHM) of this characteristic is a measure
of the overall system resolution; it is 20 MHz. Hence, the overall resolution is sig-
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SAW Device Parameters
Dispersion Band: 800-1200 MHz
Dispersion Bandwidth: Af = 400 MHz
Starting Frequency: f, = 1200 MHz
Dispersion Time: Ar = 8 ,sec
Starting Delay: -r, = 3.8 isec
Frequency-Time Slope: 3 = -Af/A7 = -50 MHz/gsec
Optimum Input Pulse Length: 100 nsec
Theoretical Resolution: R ::: Af/(A-Af) 1/ 2 = 1311/2 = 7 MHz
Measured Resolution: R = 9 MHz
Table 5-1
nificantly lower than the measured SAW resolution (9 MHz). This difference is
due primarily to the time constant associated with the SAW's envelope detector.
The detector's output rises rapidly as its capacitance is charged through the low
impedance of a forward-biased diode. However, the capacitance must discharge
through a high-impedance load resistor (5 KQ). This behavior explains the asym-
metry of the 1 GHz test characteristic. The left side, which corresponds to discharge
of the envelope detector, displays an exponential decay that adds width to the char-
acteristic and results in poorer resolution.
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5.3 The SAW Sequencing Circuit
The SAW sequencing circuit is designed to produce the RF switch enable pulse
and digitizer clock pulses with the timing of figure 5-2. The circuit is triggered by
the onset of a plasma frequency burst. After an adjustable interval (shown to be 5
psec), the circuit sends a control pulse to the enable input of the RF switch. The
adjustable interval allows the switch control pulse to be positioned to sample the
desired portion of the plasma frequency burst. The control pulse duration (shown to
be 100 nsec) may be adjusted to optimize the SAW input pulse length for maximum
spectral resolution.
A second adjustable interval (shown to be 3.8 lsec) is inserted before the
first digitizer clock pulse. It is set to correspond with the SAW's initial delay -r,.
After the second interval, the sequencing circuit sends a train of clock pulses to
the waveform digitizer at a fixed rate of 20 MHz. The duration of the pulse train
(shown to be 8 psec) is set to correspond with the SAW's dispersion time Ar.
Proper adjustment of the second interval and pulse train duration assures that the
waveform digitizer samples the SAW output only while useful frequency information
is present.
Figure 5-10 is a diagram of the SAW sequencing circuit, which is implemented
with low-power Schottky TTL. The detected and amplified burst signal is applied
to the 7414 Schmitt trigger, which trips when the input level exceeds 1.7 volts.
The inverted output of the 7414 is applied to the input (I) of the first delay block
through a 7432 OR gate. This gate holds the first delay block input high during the
entire sequence to prevent a second burst from retriggering the circuit prematurely.
The circuit contains three separate delay blocks, which are used to produce the
three required time intervals. These blocks are clocked synchronously at 20 MHz
by a precise crystal oscillator. Each block produces a rectangular pulse having a
duration that is adjustable from 0 to 12.75 pusec in 50 nsec increments. The three
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delay blocks are wired in cascade so that the end of one interval triggers the start
of the next interval.
The end of the first interval triggers the 74121 monostable to produce the
RF switch control pulse. The pulse duration is adjusted with potentiometer R1.
The end of the second interval simply triggers the third interval. During the third
interval. a high level at the output (0) of the third delay block is used to enable the
digitizer clock output, which is produced by gating the 20 MHz oscillator through
a 7400 NAND gate. Both output lines are buffered with 74128 line drivers. After
the third interval, the input (I) of the first delay block is returned to a low state to
await the next plasma frequency burst.
The contents of each delay block are shown in figure 5-11. Two 74193 syn-
chronous, binary up-down counters are wired into the count-down mode and are
connected in cascade. The borrow (BW) output of the first counter is used to clock
the second counter. Together, the two 74193's function as a single 8-bit count-down
counter. A binary number is applied to the 74193 data inputs by the DIP switch.
This number determines the counter's starting point and sets the delay interval.
The 7474 D flip-flop controls the counters and provides the delay output (0).
When the delay block is resting, the 7474 output (Q) is low because the flip-flop was
cleared after the previous sequence. This level holds the 74193's in the load state,
which is the resting condition. Because the 7474's input(D) is wired high, a rising
level at its clock (CK) line causes its output (Q) to latch into a high state. This
change releases the counter load signal, and the 74193's begin to count down from
the pre-set number. When they reach zero, the borrow (BW) line of the second
74193 goes low. This falling edge clears the 7474, returning its output (Q) to a low
state and stopping the counter.
The input of a delay block is always a rising level applied to the clock (CK)
line of the 7474. The outputs of a delay block (0 and 0) are the Q and Q outputs
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of the 7474. Each consists of a rectangular pulse of duration D given by
D = AT, (5-9)
where A is the base-10 equivalent of the data input to the counters and T, is the
clock period (50 nsec).
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5.4 SAW Spectral Analysis System Results and Analysis
The surface acoustic wave (SAW) spectral analysis system, in conjunction with
the 61 GHz front end, was used to study both start-up and after-RF WP, bursts dur-
ing low-density operation of Alcator C. Figure 5-12 shows an ohmic discharge that
produced bursts near 61 GHz during plasma start-up. The figure has traces for
plasma current and line average density, and it also shows the output of the enve-
lope detector used to trigger the SAW system (figure 5-1). Individual bursts are
not clearly visible on this trace because of integration effects in the digitization and
plotting of the signal. Figure 5-13 is an expanded view of the first 100 msec of the
shot. The start-up parameters are very similar to those of figure 4-3, which illus-
trates a shot that produced bursts of narrow bandwidth that appeared sequentially
on the channels of the 4-radiometer array. In figure 5-13, the line average density
is-about 4.5 x 103 cm- 3 during the bursting interval.
Figure 5-14 shows a single-peaked SAW spectrum taken from one of the start-
up bursts of figure 5-13. The frequency axis is calibrated in terms of both IF and
microwave frequencies. Because a high-pass waveguide filter was not used for image
rejection when the SAW measurements were made, each IF frequency corresponds
to a microwave frequency from both the upper and lower sidebands. Hence, the
narrow feature of figure 5-14 may be peaked near either 59.96 or 62.04 GHz. The
FWHM of this feature is 20 MHz, which is also the measured system resolution (see
section 5.2). Surprisingly, the 20 MHz system resolution is unable to resolve this
very narrow spectral feature.
Figure 5-15 illustrates a particularly interesting current drive shot in which
both start-up and after-RF bursts are present. One of the start-up bursts produced
the spectrum of figure 5-16. Again, the spectral width is unresolved. In fact, many
unresolved single-peaked spectra have been observed with the SAW system. These
spectra are thought to be the result of a modest suprathermal electron tail formed
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from Figure 5-15
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when the start-up parameters are similar to those of figures 4-3, 5-12, and 5-15.
The SAW results have helped to clarify the picture of start-up bursts provided by
the 4-radiometer array. When the plasma parameters are right, start-up bursts
consist of a single very narrow line (Af < 20 MHz) that tracks with .)Peo, The
need to resolve this narrow line motivated the development of the direct-sampling
spectral system, which could resolve features as narrow as 200 KHz (see section 6).
The after-RF bursts of figure 5-13 also were captured by the SAW system. Dur-
ing the after-RF bursting interval, the line average density is falling from 6.3 x 1013
to 4.9 x 1013 cm 3 . Figure 5-17 shows the multiple-peaked spectrum of one of the
after-RF bursts. Note that sideband uncertainty still exists. Hence, the displayed
spectrum may lie within a single microwave sideband or may be a composite of
features from both sidebands. In either case, this after-RF burst has a much more
complicated structure than the typical start-up burst.
Many multiple-peaked spectra have been observed with the SAW system. Fig-
tire 5-18 is another example typical of the structures recorded. This spectrum
was taken during the after-RF bursting interval of a similar current drive shot.
In general, the complicated spectra consist of several narrow peaks. Many of these
structures have been examined to determine if the multiple peaks are spaced evenly.
None of the observed spectra exhibit this regularity.
The 4-radiometer array showed that some after-RF bursts have spectra at least
30 GHz wide. The SAW system has shown that, within a 400 MHz wide region, the
after-RF spectra consist of unevenly spaced narrow peaks. The two results together
suggest that after-RF spectra consist of many narrow peaks or lines spaced unevenly
over a very wide range of 30 GHz or more.
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Figure 5-17. .1!ultipie-Peaked SAW Spectrum of an After-RF Burst
from Figure 5-15
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6. SPECTRAL ANALYSIS USING A DIRECT-SAMPLING
TECHNIQUE
6.1 Description of the Direct-Sampling System
The direct-sampling method used to obtain high-resolution spectra of pe
bursts is shown in figure 6-1. Two mixers are used to down-convert a narrow
microwave band (e. g., 61.435-61.447 GHz) to a range that can be sampled directly
by a fast waveform digitizer. A fast fourier transform (FFT) algorithm is applied
to the sampled data to obtain the spectrum.
One of the four microwave front ends described in section 4.1 is used to convert
the microwave signal to an IF range of 400-1500 MHz. When used with this sys-
tem, the 30 and 61 GHz front, ends contain high-pass waveguide filters to eliminate
lower sideband down-conversion. Such filters are not used with the 43 and 87 GHz
channels. With these channels, each IF frequency corresponds to two microwave
frequencies.
The bandpass filter narrows the IF range to 435-465 MHz. One output of the
1:1 power divider supplies the second mixer, which converts the IF signal to the
range 0-30 MHz. The second mixer's local oscillator frequency (435 MHz) is chosen
so that only the upper sideband falls within the IF range (435-465 MHz). The lower
sideband (405-435 MHz) falls below the low-frequency cutoff of the bandpass filter.
At the output of the second mixer, the low-pass filter removes frequencies above 12
MHz.
This reduction of output range limits the microwave coverage to a window of
only 12 MHz. The 12 MHz cut-off is required to prevent aliasing of the sampled
data. Nyquist's sampling theorem requires that no signal power exist at a frequency
greater than half the sampling rate. In this case, the sampling rate is 32 million
samples per second, which corresponds to a maximum allowed frequency of 16.5
MHz. A 12 MHz cut-off allows room for the filter characteristic to roll off.
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Figure 6-1. Direct-Sampling Spectral Analysis System
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The onset of a burst is detected at the second output of the 1:1 power divider
by the high-frequency envelope detector. The rise of the burst envelope triggers
the TTL sequencing circuit, which sends a 32 MHz pulse train to the external
clock input of the digitizer. The sequencing circuit clocks the digitizer for a preset
interval, nominally 5 psec. As the digitizer waits for a burst before sampling the
output signal, it is capable of storing many bursts during a single plasma shot. The
digitizer's memory can store 50 bursts of 5 psec each.
This system's TTL sequencing circuit uses one of the delay blocks shown in the
SAW sequencing circuit of figure 5-10. The digitizer clock output begins inimedi-
ately when a burst is detected and continues for a duration determined by the single
delay block. The 20 MHz oscillator is replaced with a 32 MHz oscillator to provide
the necessary digitizer clock rate. The duration of the clock output is adjustable
through DIP switches from 0 to 7.97 psec in 31.25 nsec increments.
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6.2 Calculation of Direct Sampling Resolution [14]
The direct-sampling technique described above represents a trade-off; it
achieves high spectral resolution at the expense of a narrow window of microwave
frequency coverage. As noted earlier, the extent of microwave coverage is tied to the
speed of the waveform digitizer. Although digitizers capable of 100 million samples
per second are available. their cost is not justified by the modest increase in cov-
erage they would provide. Furthermore, the dynamic accuracy of analog to digital
converters suffers as the sampling rate is increased.
Although the coverage window is narrow, the direct sampling system is capable
of excellent resolution because it is limited primarily by the duration of the sam-
pling interval. Consider a perfect cosine wave of angular frequency Wo gated by a
rectangular pulse of duration T.
f (t) = [u(t - T/2) - u(T/2 - t)] cos wot (6-1)
The Fourier transform of the pulse is
F{u(t - T/2) - u(T/2 - t)} = 2 sinwT/ (6-2)
The Fourier transform of the cosine wave is
F{cos wot} = 7r [b(, - wo) + b(. + wo)] (6-3)
The Fourier transform of the product is
F() = u(t - T/2) - u(T/2 - t )} * F{cos wot}
27r sin( - O)T/2 sin(w + wO)T/2 
(6-4)
= W )or + ]U
For large positive values of wo, the second term within the brackets may be
ignored. The power spectrum is given by squaring the magnitude of the Fourier
transform.
2 2 sin 2(U - wo)T/2
= i) (L2 - WO)2 6-5)
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This expression is plotted in figure 6-2a. The resolution of this system is judged by
its ability to distinguish closely spaced spectral features. A conservative requirement
would be that the main. lobe of the shifted sinc function of figure 6-2a not overlap
with that of an adjacent feature (figure 6-2b). The first nulls of the function occur
when
T 27r
( ,; o) = 7r or W= o ± (6-6)2 T
No overlap of adjacent main lobes would require a spacing
AL > or Af > (6-7)
The above discussion reveals that the exact definition of resolution is arbitrary.
For example. spectral features may still be distinguished if some overlap of the main
lobes is permitted. Figure 6-2c shows a common definition of resolution in which
the main lobes are allowed to overlap by 50 percent. In this case, the required
spacing is
1
A > -(6-8)
-~T
This expression is also recognizable as the Fourier limit, which states that the line
width of a signal's spectrum may be no smaller than its inverse duration.
Eq. 6-8 may be used to calculate the resolution of the direct sampling system.
Typically, the digitizer samples the output signal for 5 psec. This process is equiv-
alent to applying a 5 usec rectangular gate to the output signal. From equation
6-8,
1
Afmin - - 200 KHz (6-9)5 psec
Hence, 200 KHz is the nominal system resolution. It may appear that increasing the
duration of output sampling can yield better resolution without bound. However.
another system resolution limit does exist. Each of the local oscillators has a smail
but non-zero line width. Ultimately, these widths would act to limit the resolution.
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Table 6-1 is a summary of specifications for the direct-sampling spectral anal-
ysis system.
Direct-Sampling System Specifications
Microwave Front Ends: 30*, 43, 61*. and 87 GHz
* lower sideband rejection
IF Passband: 435-447 MHz
Output Passband: 0-12 MHz
Sampling Rate: 32 million samples/second
Sampling Duration: 5 psec
Storage Capacity: 50 bursts/shot
Spectral Resolution: 200 KHz
Table 6-1
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6.3 Direct-Sampling System Results and Analysis
The most important function of the direct-sampling system was to resolve the
narrow single-peaked spectra seen by the SAW system during current rise on ohmic
discharges. The direct-sampling system first was used with the 61 GHz front end to
analyze these current-rise spectra. Figure 6-3 shows the first 100 msec of an ohmic
shot that produced bursts near 61 GHz when the line average density was about
4.2 x 10 3 cm-3. The lower trace shows the output of the envelope detector used to
trigger the direct sampling system.
Figure 6-4 is time domain data taken directly from the 32 MHz waveform
digitizer. The 5 psec sampling interval shows the evolution of one of the bursts
of figure 6-3. The capability to display time evolution gives this system a distinct
advantage over the SAW system, which samples the burst for a single 100 nsec
instant. In figure 6-4, the decaying envelope of the oscillations indicates that the
system captured the latter part of an w,, burst. In this case, the signal did not reach
the level needed to trigger the system's sequencing circuit until the burst was fully
developed. Within the decaying envelope, the regularity of oscillations is evidence
of a narrow spectral feature.
Figure 6-5 is the power spectrum of the time-domain data of figure 6-4, pro-
duced by applying a fast fourier transform (FFT) algorithm. Note that the output
range of 0 to 12 MHz corresponds uniquely to a microwave range of 61.435 to 61.447
GHz because the lower microwave sideband has been eliminated by the 61 GHz high-
pass filter. This particular feature is centered near 61.439 GHz and has a full width
at half maximum (FWHM) of 700 KHz. Hence, in this case Af/f = 1.14 x 10~'.
The direct-sampling system has resolved this remarkably coherent spectral feature.
Figures 6-6a and 6-6b show the time- and frequency-domain data of an even more
coherent w,, burst. In this case, the feature is centered near 61.438 GHz and has a
FWHM of 400 KHz (Af /f = 6.51 x 10-6).
71
Ln
LLJ
Uj
0
72
Figure 6-3. Parameters of an Ohmic Shot Un'th Cur-rent-Rise Bursts
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The coherent spectra of figures 6-5 and 6-6 are typical of those taken with the
direct-sampling system from current-rise bursts. The observed level of coherence
was unexpected for two reasons. First, a signal quality factor (Q = f/Af) greater
than 100,000 usually must be engineered; it rarely happens by accident. Second,
the bursts occur during plasma start-tip when the density, and hence the plasma
frequency, is changing rapidly. Typically, during the bursting interval the density
is rising at a rate of 1.8 x 1015 cm-3/sec. During the 5 pisec direct-sampling scan,
the density increases by 9 x 10 9 cm-3. This increase results in a 6 MHz increase
of the plasma frequency. In spite of this large increase, observed spectral widths
are less than 1 MHz. Hence, a frequency locking mechanism must quantize the
allowable values of emission frequency. As the density rises, the bursting emission
steps through these discrete values. The cavity mode theory discussed in chapter 7
explains some aspects of this behavior [15].
Frequently, a single discrete frequency persists throughout an entire burst.
In this case, the direct-sampling system shows a single narrow spectral feature
similar to those of figures 6-5 and 6-6. Sometimes, however, the time-domain data
displays sudden shifts in emission frequency within a single burst. Figure 6-7a is an
example of this behavior. The burst envelope has three local peaks corresponding
to three distinct emission frequencies. The transformed data of figure 6-7b shows
the locations of the emission frequencies. The three spectral features are centered
near 61.439, 61.442, and 61.444 GHz respectively. Note that these features are not
as narrow as those of the previous single-peaked spectra because the duration of
emission at each frequency is shorter. These sudden shifts between discrete emission
frequencies are further evidence that a frequency-locking mechanism exists.
The direct-sampling system also was used to add to the information on after-
RF wp. bursts. Results of the 4-radiometer array and SAW experiments showed
that after-RF bursts have broad spectra composed, at least in part, of irregularly
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spaced lines extending down from wp,,o. Should one of these lines fall within the
12 MHz window of the direct-sampling system, it would be possible to measure its
spectral width. With this goal in mind, the direct-sampling system was applied to
each of the four radiometer front ends during a current-drive run that was producing
after-RF bursts.
Figure 6.-8 shows a typical shot that produced bursts with power near 43 GHz.
The lower trace is the envelope of the bursts used to trigger the direct-sampling
system. During the bursts, the line average density is about 3.1 x 1013 cm 3 .
Assuming a peak-to-average ratio of 1.4, the central plasma frequency (wp,,) is 59.3
GHz. Figures 6-9a and 6-9b show time- and frequency-domain data for one of the
bursts in figure 6-8. A well-defined interval of oscillations results in a relatively
coherent spectral feature (FWHM = 1 MHz) centered near 43.441 GHz or 42.559
GHz. Sideband uncertainty does exist with the 43 GHz front end. This feature is
narrower than indicated by Figure 6-9b because the direct-sampling system caught
only the end of the bursting interval.
Similar results were obtained with the 30 and 61 GHz front ends during the
same current drive run. No after-RF bursting emission was seen near 87 GHz
because the density at RF shut-down was never high enough to yield a value of ,,.
greater than about 65 GHz. These results agree with those of the 4-radiometer array
and the SAW system. After-RF bursts do have lines much narrower than the 12
MHz coverage window of the direct-sampling system. These lines are distributed
from below 30 GHz to the central plasma frequency (wPeo). No emission power
exists above peo.
This picture of the spectral content of after-RF pe, bursts is consistent with
the presence of a frequency-locking mechanism. In the after-RF case, many of the
discrete allowed frequencies are emitted simultaneously. In the start-up case, only
one allowed frequency is emitted at a time. This difference may be due to the
78
Figure 6-8. Parameters of a Current-DM've Shot un*th
4.3 GH: After-RF Bursts
.............
...........
.. .......
------------ --- -------- ---------
......... ..... ...
... . ....... ....
-------------- -----------------
............... 
..
............
w
.... ....... . T
cc
.. ............ ......... .. . .. .....
----------------- - ---------------
.......... ...... .. ..... .. ... .............. ......
............... .................. .. .. -
................ ......
................. ................. ............
------------------ - ------- - - - - - - - - -
... ............ ................
................. ..........
.......... ....................... .......... ..... .. ...........
---------- ------ -------- --------
.. ... ... 
....................
........ ..
------------- -----------------
U')
.. . ... . . .. ... .. . ..
cc
---------- ------ -----------------
............
.. ... ... ..... ....... ..... 4 .......... ............. .
.............. - ... .... .... . .......
----------- 
-------------
............. ................ .... ....... ............
........... . ................ ................. .........
..............
005
----------------- 
--- 
------- MA--
... . . . . .. .. . ... . 
---------- ------- --- --------
cu
cc
x
.... ... .
---- ------
............ 
-
................ .................
.............. ...............
.............. ...... .... ..
........ ... 
... . .. ..
.................
................ .......
....... ......... ......
CA
E
U
LLJ 0
x
F-
< U-)
W
LLJ
cz X:
0
79
04octS4.060
0.34
(a)
0.32
Digitized
Signal
(Volts)
0.30
0.28
0.26
0 1 2 3 4 5 6
Time (usec)
scan = 04oct84. es
(b)
6
5-
4
Power
(AU)
3
2
0 5 10 15 20
Output Frequency (MHz)
42.565 42.555 42.545
Lower Microwave Sideband (GHz)
43.435 43.445 43.455
Upper Microwave Sideband (GHz)
Figure 6-9. Time- and Frfquency-Domain Data of a 43 GH: After-RF Burst
80
*
nature of the electron distribution that excites the instability. During start-up,
the distribution may excite a single cavity mode resulting in one discrete emission
frequency. After current drive, it may excite many modes resulting in many discrete
frequencies emerging simultaneously.
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7. THEORY OF wp BURST FORMATION
7.1 Introduction
Any theory that explains the process of wg burst formation must address one
overriding cjuestion raised by this and other experimental investigations: how can
a fusion-grade plasma emit microwave emission with a temporal coherence that
rivals that of devices specifically designed to produce such emission? It is natural
to answer that, although a tokamak is not designed to be a maser, it may exhibit
the properties of a maser under certain specific conditions. Hence, it remains to be
shown that, at times, maser-like properties may be present within a tokamak.
The following properties are fundamental to most masers.
1. A pump or energy source creates a population inversion within the masing
medium.
2. The inverted population transfers energy into waves whose frequency satisfies a
wave-particle resonance condition, creating gain within the medium.
3. These wave fields are trapped within a cavity and grow in amplitude with multiple
passes through the gain medium. Because the amplified waves are resonant modes of
the high-Q cavity, they are constrained to have high temporal and spacial coherence.
4. An escape mechanism allows a small fraction of the total wave energy to escape
from the cavity into free space without seriously degrading the circuit gain of the
cavity.
The goal of this discussion is to show that, in principle, each of these properties
may exist within a tokamak plasma.
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7.2 The Pump
A tail of suprathermal electrons is a regular occurrence in tokamak plasmas
because a fraction of the plasma current usually is carried by high-energy electrons.
By itself, a tail does not constitute a population inversion because the electron
population still decays monotonically with increasing energy.
In 1975, Parail and Pogutse [91 published an important analysis that showed
how a bump could form on the normally monotonic tail. They showed that the
anomalous Doppler effect could lead to the unstable growth of electrostatic waves
with a frequency well below wpe . Along with the wave growth, they predicted pitch-
angle scattering of electrons from parallel to transverse velocities. The subsequent
loss of parallel energy would form a bump on the parallel electron tail.
The velocity-space bump of Parail and Pogutse does constitute a population
inversion in the sense that it imposes a positive slope at high energy on the distri-
bution function; in this region, an increase in energy yields a greater-population of
electrons. The pump is identified as the source of power for the population inversion.
In this case, the pump is the electrostatic wave made possible by the anomalous
Doppler effect [16}.
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7.3 Wave Production
A tail of high-energy electrons transfers energy into plasma waves through the
Cherenkov resonance condition
= k (7-1)
where o is the wave frequency, kg1 is the parallel wave number, and vjj is the parallel
electron velocity. In essence, the wave parallel phase velocity (w/kj1 ) must equal the
electron velocity.
In addition, the plasma wave must satisfy a specific dispersion relation. A
first-order approximation would be the Appleton-Hartree cold plasma relation. For
propagation nearly parallel to a very strong magnetic field (Wce > Wp,), the appli-
cable branch is
W = Wpe cos 9 (7-2)
where up, is the electron plasma frequency and 9 is the angle of wave propagation
with respect to the toroidal magnetic field.
Combining the dispersion relation (eq. 7-2) with the Cherenkov resonance con-
dition (eq. 7-1) yields
P, cos 9 = kg 1v1 = k cos9 1)11 (7-3)
e,,/k = Vil (7-4)
Hence, to- first order, the wave number is completely determined by the plasma
frequency and the parallel electron velocity [17].
A wave-particle resonance alone is not sufficient for gain, because the energy
transfer is a two-way street. Waves can loose energy to the electrons through
Landau damping. Hence, a steady-state level is achieved, usually well below the
gain threshold. However, Liu, et. a]. [10], have shown that a velocity-space bump
creates the imbalance necessary for gain.
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7.4 The Cavity
The presence of a cavity to trap and amplify plasma waves is the most im-
portant aspect of this theory because it explains the great degree of coherence
(Af/f = 6 x 10-6) exhibited by many ope bursts.
Consider a graded-index (GRIN) optical fiber in which the dielectric constant
is made to vary gradually in the transverse direction. For example, such a fiber
may have a parabolic profile of dielectric constant that peaks in the center and
falls off toward the edges. Such a fiber has been shown to have a well-defined set
of Hermite-Gaussian modes [18]. A GRIN fiber could be used as a resonator by
silvering the ends. Alternatively, the fiber could be wrapped around with the ends
connected to form a torus. If the curvature were kept small, both the transverse
and longitudinal mode structure would be preserved. A perfect resonator of this
type would have no way for energy to escape. However, a small loss through the
walls could be tolerated while maintaining a high level of Q.
A tokamak plasma with a peaked density profile may exhibit the same wave-
trapping properties as the GRIN fiber discussed above. Refer to figure 7-1 for a
diagram of this phenomenon. For the purposes of illustration, several approxima-
tions will be made. First, the plasma wave will be purely electrostatic (V x E = 0).
Second, the wave will be propagating in the presence of a very strong DC toroidal
magnetic field (u;e, > ,,). Third, the effects of plasma temperature will be ignored.
In this case, the wave obeys the dispersion relation of equation (7-2), repeated here.
S= WP cos 9 (7-5)
where 9 is the angle of wave propagation with respect to BT. Furthermore, a
centrally peaked density profile n,(r) will be assumed.
Consider an electrostatic wave launched near the plasma center with a small
initial angle of propagation (00). As the wave propagates into the region of decreas-
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n K/e
e BT
Br = toroidal magnetic field
k = wave propagation vector
Oo = initial angle of propagation
n,(r) = electron density profile
r= cutoff radius
a = plasma minor radius
Figure 7-1. The w,, Cavity
ing density, it encounters a steady decrease in wp, . As the wave frequency (u) is
fixed by conservation of plasmon energy, the value of 8 must decrease to preserve
the dispersion relation (eq. 7-5). Eventually, the wave will reach a cutoff radius (r,)
at which it will have no radial component of propagation. The plasma frequency at
this radius is given by
(7-6)WpeC = pe cOs 0
In effect, this radius becomes a wave confinement boundary that will reflect all
incident energy. A cavity of minor radius r, is formed within the plasma. This cavity
has a set of transverse and longitudinal modes that obey boundary conditions.
In 1985, Hutchinson and Gandy [19] published a report in which they developed
the cavity mode structure for a cylindrical plasma with a much less restrictive set of
assumptions. They considered a wave with both electrostatic and electromagnetic
components propagating in the presence of a finite DC magnetic field. The effects
of finite temperature and plasma inhomogeneity were considered. The analysis
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was complicated by the need to consider the edge conditions for a plasma of finite
radius. However, by assuming a strong magnetic field (wce >> uP) and a large
ratio of plasma size to parallel wavelength (c/p, '< a), they obtained closed form
solutions for centrally localized wave fields that were independent of the plasma
edge conditions.
87
7.5 Escape Mechanism
The cavity mode analysis discussed previously makes no provision for the waves
to escape from the cavity and thence from the plasma. The observed emission is
electromagnetic radiation propagating through free space, hence an escape mech-
anism must exist. So far, there has been no definitive experimental or theoretical
work to explain this segment of the process.
Hutchinson and Kissel (7] have suggested that the emitted wave may result from
a two-wave scattering process. In this case, the plasma wave with frequency near
W'eO would scatter with a low-frequency wave of unknown origin (o?), producing
sidebands at upeo ± w-. The spectral line width of the low-frequency wave would
have to be very narrow (< 300 KHz) to preserve the level of coherence observed in
this investigation (see section 6.3). Non-linear coupling of the waves could generate
harmonics with frequencies pe o±, ±, ±2w, etc.. No clear evidence of sidebands
or harmonics has-been observed in this or other investigations on Alcator C.
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8. CONCLUSION AND FUTURE WORK
The three methods of spectral analysis discussed in this report have helped to
paint a comprehensive picture of the spectral characteristics of plasma frequency
bursts. Two types of burst spectra have been identified. The first type consists of a
single very narrow line near the central plasma frequency. This spectral type is seen
at the beginning of the shot during current and density ramping. It is believed to
be associated with a modest suprathermal electron tail. The coherent nature of this
emission is evidence that a high-Q cavity is present within the plasma. Theoretical
analyses have shown that such a cavity may exist and that it will support maser
activity. The frequency of emission does not track smoothly with w., as the density
rises. It appears to lock into specific discrete values. This behavior suggests that the
emission is jumping from one cavity mode to the next as the density rises. To date,
cavity mode analyses do not predict this behavior; they predict that a single cavity
mode will be preserved, resulting in a smooth increase in the emission frequency
with increasing density.
The second spectral type has many narrow features that are spaced unevenly
and extend down from the central plasma frequency. This type is observed at
two times during the plasma shot. It is seen at the beginning of the shot only
when current is rising much faster than density, producing a dominant suprathermal
electron tail. It is also seen immediately after shut-down of lower hybrid current
drive. The nature of this emission suggests that several cavity modes are being
excited simultaneously. The correlation between a strong suprathermal tail and
multiple-moded structures is not well understood. One possibility is that a stronger
suprathermal tail distributes more current farther from the plasma center. Such a
distribution could couple energy into higher-order modes having field structures
extending farther toward the plasma's edge [16].
The most exciting aspect of this work was the ultimate resolution of the line
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width of the coherent bursts. Five different spectral analysis techniques were
brought to bear on this problem over a period of five years. Who would have
thought that 200 KHz resolution would be required to resolve millimeter-wave emis-
sion spontaneously emitted from a tokamak? The direct-sampling technique, one
of the simplest. was the only one with the necessary resolution. However, each of
the other techniques (Fabry-Perot and Michelson interferometers, surface acoustic
wave device, and narrow bandpass measurements) each added important parts to
the overall description of the temporal and spectral characteristics of the bursts.
With some modifications and additions, much more could be learned with the
combination of the 4-radiometer array and the direct-sampling system. With an
improved system on line, the Alcator group should dedicate one or more runs of
Alcator C to gathering data on plasma frequency bursts. Most of the data described
in this and previous reports was obtained in a piggyback fashion: the run itself was
devoted to another experiment. While this practice has been quite successful, it does
impose some restrictions on the scope of data available. For example, a dedicated
run could be used to determine the exact manner in which plasma parameters such
as density and current affect the burst spectra. In particular, start-up ramping of
density and current could be altered systematically from shot to shot to see where
spectra change from a single narrow feature to multiple peaks.
Such a parametric study of the emission would be complicated by two fac-
tors. First, plasma frequency bursts are known to be connected with suprathermal
electrons. Much care would be needed to prevent damage to the vacuum vessel
from an excessive flux of unconfined runaway electrons. Second, one class of bursts
requires the operation of the lower hybrid system in current drive mode. Lower
hybrid operation adds to the personnel and resources required for the experiment.
The remainder of this discussion will be devoted to improvements of the exper-
imental apparatus. One such improvement would be a time base that would allow
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each direct-sampling scan to be positively correlated with a specific WP, burst, as
seen on the 4-radiometer temporal traces. Because some bursts do not trigger the
direct sampling system, and others trigger it more than once, the current system
provides only a loose correlation between spectral and temporal data. A positive
correlation would allow specific values of plasma parameters to be assigned to each
spectral scan.
A digital counter could be used to implement the time base. The counter would
be started at a fixed time by the tokamak sequencer. Each time the direct-sampling
system were triggered, the counter's value would be stored in memory. The stored
values would represent times referenced to the start of the plasma shot and would
correlate directly with time bases for all plasma data traces.
Another improvement would be simultaneous spectral analysis of each radiome-
ter channel. Three more direct-sampling systems would be required. The most
costly component of each would be the 32 MHz waveform digitizer. For best re-
sults, each radiometer should be operated in single-sideband mode. Two additional
custom-made wavequide filters (43 and 87 GHz) would be needed. Such a system
could be used to determine how fine details of burst spectra vary over a large fre-
quency range. The next best technique would be to switch the direct-sampling
system from one radiometer to the next in a series of shots with carefully con-
trolled parameters. Unavoidable shot-to-shot differences may render this technique
ineffective.
The direct-sampling system itself should be modified to improve its triggering
performance. Because of noise on the triggering arm (the left side of figure 6-
1), the triggering threshold level had to be set too high. For this reason, many
bursts were missed. Those that did trigger the system were well developed before
sampling began: the system missed the first few microseconds of the bursts. Figure
6-4 illustrates this problem. Better shielding and fully differential amplifiers should
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reduce the noise considerably, allowing much lower triggering thresholds.
Another improvement would be to change the topology of figure 6-1 to allow
the system to trigger directly from the output of the 12 MHz low-pass filter. With
the current set-up, the triggering arm detects signal power at the output of the 435
to 46.5 MHz bandpass filter. This filter's 30 MHz range is more than twice as wide
as the 12 MHz output range. Hence, signal power that will trigger a direct-sampling
scan may not make it to the output. On average, more than half the scans will be
blank.
Furthermore, figure 6-4 shows that the selected 5 gsec scan time is too short to
capture some of the longer bursts in their entirety. A 10 Asec scan would be better,
but it would require a larger sequencing circuit. The current circuit provides a
maximum scan time of 7.97 gsec. A 10psec scan would result in a storage capacity
of-25 scans/shot and a theoretical resolution of 100 KHz. The practical limit on
system resolution would depend. on the spectral line width of each microwave local
oscillator. The manufacturer typically does not supply this information. An in-
house measurement using interference techniques might be possible.
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